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Abstract— One of the main design limitations of resonant 
micro-mirrors intended for visual projection display applications 
is inertia-driven dynamic deformation. Micro-mirrors used for 
high frequency (20-30 kHz) laser beam scanning are typically 
operated at resonance in the region of their torsional modal 
frequency in order to achieve high scan angles. Although the 
optical resolution of the projected image is defined by the micro-
mirror frequency, maximum scan angle and dimensions, 
significant dynamic deformation (> 1/10 of the incident 
wavelength) results in a loss in contrast between adjacent 
projected spots. 
This paper presents a structural design optimization scheme 
for a one directional resonant micro-mirror intended for laser 
projection with XGA optical resolution. The minimization of 
dynamic deformation is considered as one of the partial objectives 
together with other micro-mirror performance and reliability 
characteristics. The optimization scheme is performed using the 
response surface method and multi-objective genetic algorithms. 
This design process demonstrates the technical feasibility of 
including features, such as a gimbal structure, that improve the 
dynamic mirror flatness without compromising on the target 
scanning frequency, mode separation and maximum shear stress. 
Keywords—resonating micro-mirror; laser beam scanning; dynamic 
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I.  INTRODUCTION 
Laser beam scanning (LBS) using MEMS micro-mirrors is 
one technique currently being investigated for the development 
of miniaturized image projection systems such as embedded 
pico-projectors, head-up displays and scanning retinal displays. 
Laser beam raster scanning for the projection of a two 
dimensional image requires low frequency, quasi-static micro-
mirror rotation for vertical scanning and high frequency micro-
mirror rotation for horizontal scanning. In order to achieve high 
horizontal scanning frequencies together with large optical 
scanning angles, the micro-mirror is operated at its torsional 
resonant mode, resulting in a narrowband, high gain response. 
The optical resolution achievable with LBS is primarily 
dependent on the scanning frequency, fs, maximum mechanical 
scanning angle, θMMSA, and dimensions of the resonating micro-
mirror. An increase in the three main LBS performance metrics 
is limited by power consumption, overall device footprint, 
silicon fracture stress and non-planarity of the micro-mirror 
surface.  
II. PROBLEM DEFINITION 
Bulk silicon fabrication techniques are able to produce a 
relatively flat mirror surface. However, as the scanning mirror 
oscillates at high frequency, the deformation resulting from 
dynamic inertial forces consequently becomes the most 
important limiting factor for high performance imaging and 
display applications [1]. Significant micro-mirror dynamic 
deformation contributes to beam divergence resulting in 
reduced contrast between the adjacent resolvable spots, hence 
limiting the optical resolution that can be achieved. Based on 
the Rayleigh diffraction limit, the critical maximum out-of-
plane deformation, δcrit along the micro-mirror surface should 
be less than 1/10 of the shortest incident wavelength (i.e. 
δcrit = 44 nm) [2]. 
The simplest solution to reduce out-of-plane dynamic 
deformation, δ is to increase the thickness of the micro-mirror 
and hence its stiffness. However, increasing the thickness will 
also correspond to an increase in the inertia to stiffness ratio and 
hence resulting in a reduction in the resonant frequency. A 
number of other proposed designs have demonstrated that the 
mirror stiffness can be increased by supporting a relatively thin 
mirror layer on an underlying reinforcement structure with both 
layers monolithically fabricated from a silicon-on-insulator 
wafer [3] [4]. Instead of increasing the micro-mirror stiffness at 
the expense of the device unit cost, non-planarity can be 
reduced by the introduction of a gimbal structure connecting the 
micro-mirror to the torsion springs as shown in Fig. 1 [5] [6]. It 
has been demonstrated that with the gimbal structure, the 
dynamic deformation of a circular micro-mirror may be 
reduced by approximately 70% [7]. However, the optimal 
configuration of the gimbal-frame in terms of minimizing 
dynamic deformation has not yet been identified. Moreover, 
dynamic deformation is not normally included as an output 
parameter in the performance and reliability-based design 
optimization process of resonating micro-mirrors [8] [9].  
This paper will therefore propose a multi-criteria design 
optimization scheme based on finite element simulations aimed 
towards the development of a high frequency, one-directional, 
gimbal-framed resonating micro-mirror which exhibits low 
dynamic deformation. The optimized MOEMS device can be 
integrated with a low-frequency vertical projection micro-
mirror to develop an optical engine for pico-projector and head-
up display applications. 
III. RESONANT MICRO-MIRROR DESIGN AND FABRICATION 
The design of the micro scanner model, shown in Fig. 1, 
consists of a circular mirror plate connected to torsional beams 
(springs) lying along the axis of rotation (x-axis). The micro-
mirror is electrostatically actuated via a vertical comb drive 
structure where the interdigitated movable fingers are attached 
to the gimbal frame. The device is intended for fabrication using 
the resonant micro-mirror process by ST Microelectronics [10]. 
The process consists of the anodic bonding of two wafers 
forming an SOI structure. Prior to anodic bonding, a cavity is 
formed via deep reactive ion etching (DRIE) in the bottom 
silicon wafer, which is then oxidised. After anodic bonding, the 
top wafer is thinned to a thickness of 65 µm and an Aluminium 
(Al)-based layer is deposited and patterned to form the 
electrical contact pads and the mirror surface. The suspended 
mirror and comb structures are then released by DRIE etching.  
While the 200 nm thick Al-alloy reflective layer has a 
negligible effect on the dynamic mechanical performance of the 
micro-scanner, it induces stresses in the underlying mirror 
structure. Such process-related residual stresses are detrimental 
to the static planarity of the mirror surface especially in the case 
where additional dielectric coatings are added to improve the 
reflectivity [11]. However in the process considered, the 
reflective material composition is optimized to limit the static 
deformation to a few tens of nanometres (for a circular micro-
mirror with a diameter of 1060 µm) while maintaining high 
reflectivity [10]. Consequently, the mirror reflective layer was 
not included in the FE model discussed in section V.A, while 
the initial mirror curvature was assumed to be insignificant. 
IV. DESIGN OPTIMIZATION SCHEME  
The scheme presented in this section and summarised in 
Fig. 2, is adapted from a robust design optimization procedure 
developed to assess the effect of geometric and material 
uncertainty on the performance and reliability of MEMS 
devices [12]. Given that the device’s sensitivity to process-
related uncertainties is not included in this study, the multi-
criteria objective function F(s), given in (1), can be defined in 
terms of n number of partial objectives, Fi(s), having an equal 
weighting factor: 
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where vector s refers to the design input parameters sj 
(j = 1, 2…m where m refers to the number of design 
parameters).  
A. Definition of the objective function 
One of the partial objectives is to minimize the dynamic 
deformation of a micro-mirror designed for laser projection 
with XGA (1024 x 768) optical resolution. The number of 
resolvable pixels in the horizontal scanning direction, Nh is 
proportional to the maximum mechanical scan angle, θMMSA and 
mirror diameter, D as shown in (2). The horizontal scanning 
frequency determines the vertical resolution, Nv for a single 
laser beam and bi-directional horizontal projection as shown in 
(3) [13]: 
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where α is the feed beam angle, λ is the incident wavelength 
and Fr is the frame refresh rate (typically 60 Hz). Consequently 
the mirror diameter, D and θMMSA where set to 1.06 mm and 12° 
respectively while seeking a scanning frequency of 25 kHz was 
set as a partial objective. The separation gap between the 
operating and other modal frequencies is another important 
design criterion and was also considered as an objective. Apart 
from dynamic deformation, a limiting factor hindering 
improvements in the optical resolution is the torsion spring 
failure. It has to be ensured that the springs can be twisted to the 
target θMMSA without exceeding the critical shear stress, τcrit. The 
critical shear stress for a monocrystalline silicon (100) wafer 
under static load was measured and found to be greater than 
3 GPa [14], however experiments carried out on similar 
torsional scanning micro-mirrors with a straight beam torsion 
spring oriented in the [110] direction demonstrated a failure in 
shear at τcrit = 1.4 GPa under dynamic loading [14]. Therefore, 
minimization of the maximum shear stress is also considered as 
a partial objective.  
At the theoretical torsional resonant frequency of the micro-
mirror, the achievable θMMSA is determined by the dynamic 
electrostatic attractive force between the fixed and rotating 
comb-fingers that in turn also needs to overcome the 
mechanical damping losses. The main damping loss in vertical 
comb-drive actuated scanning micro-mirrors operated at 
atmospheric pressure is due to sliding air film damping between 
adjacent comb fingers. Design optimization of the electrostatic 
comb structure aimed towards maximizing θMMSA is not 
included in this paper. 
 
 
 
Fig. 1. Design layout of the gimbal-frame resonant micro-mirror 
V. DEFINITION OF THE INPUT AND OUTPUT PARAMETERS  
Following the definition of the objective function, the output 
parameters 1 to 4, given in Table I, were selected for the 
optimization task. A sensitivity analysis was subsequently 
performed to determine which design parameters mostly 
influence the scanning frequency and dynamic deformation of 
the micro-mirror surface. The results were used to identify the 
input parameters considered for the optimization task shown in 
Fig. 3 and listed in Table II. Variation in input parameters 1 to 
5 influence δmax while fs is strongly determined by input 
parameters 6 to 9.  
TABLE I. OUTPUT PARAMETERS AND RELATED PARTIAL OBJECTIVES 
Output 
Parameter Symbol Description Objective, Fi 
1 fs torsional modal frequency 
Seek Target 
(=25 kHz) 
2 │ fs-fp │ 
difference between 
torsional and piston 
modal frequencies 
Maximize 
3 δpk half peak-to-peak dynamic deformation Minimize 
4 τmax Maximum shear stress Minimize
5 a maximum element aspect ratio - 
 
 
 
TABLE II. NOMINAL VALUES AND RANGE OF VARIATION FOR THE INPUT 
DESIGN PARAMETERS 
Design
Parameter 
Symbol Description Nominal Value 
Range of 
Variation 
1 nl number of links 4 2,6..12
2 ѱ link angle 15° ± 10°
3 wg,m link width 15 μm ±10 μm
4 lg,m link length 10 μm ± 5 μm
5 wg gimbal frame width 50 μm ± 30 μm 
6 ws 
torsion spring 
width 50 μm ± 5 μm 
7 ls 
torsion spring 
length 42 μm ± 10 μm 
8 rs,1 
support-spring 
fillet radius 60 μm ± 40 μm 
9 rs,2 spring-gimbal fillet radius 60 μm ± 40 μm 
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Fig. 3. Input parameters (sj) for the resonant micro-mirror FE model 
Fig. 2. Flowchart of the design optimization scheme 
A. FE model of the resonating micromirror 
The FE model was developed in ANSYS using 20-node 
hexahedral elements (SOLID186) as shown in Fig. 4. The 
geometrical model of the rotating micro-mirror shown in Fig. 1 
was parametrized such that the inputs of Table II can be varied 
within the stipulated range. It was ensured that parametric 
evaluation does not result in significant mesh distortion, which 
would deteriorate the numerical accuracy of the solution. 
Therefore, the maximum element aspect ratio was monitored as 
an output parameter to ensure that for all simulated models: 
a < 8. With regards to material properties, silicon was modelled 
with orthotropic elasticity for a (100) wafer [15].  For all 
simulations, geometric non-linearity was considered and fixed 
support boundary conditions were applied at the ends of the 
torsion springs.  
Modal analysis was carried out in order to determine the 
first two resonant frequencies f1 and f2. These frequencies refer 
to the torsion mode, fs: rotational oscillations about the x-axis 
(Fig. 5a) and the piston mode, fp: linear oscillation in the z-axis 
(Fig. 5b). By analysing the modal displacement at the centre 
point of the mirror, a condition statement was used to 
discriminate between the torsion and piston modes. The 
torsional resonant frequency, fs was then used as an input 
parameter in a static structural simulation. The latter simulation 
was performed to analyse the dynamic deformation at the 
mirror surface together with the maximum shear stress at the 
point where the mirror is at its maximum scan angle (θMMSA = 
12°). Instead of performing a transient analysis, a static-
equivalent inertial torque, T = I.α where I is the polar mass 
moment of inertia about the torsional axis and α = (2πfs)2.θMMSA 
is applied using the ANSYS command DOMEGA [7]. The half 
peak-to-peak dynamic deformation, δpk was obtained using the 
FlatnessDefect ACT Extension tool in ANSYS [16].    
B. Meta-modeling and optimization methods  
The definition of input parameters and FE model 
parametrization is followed by selection of the allowed ranges 
of design variations: sj ϵ [sj,min , sj,max], listed in Table II, in order 
to define the design domain. Following the sensitivity analysis 
performed to determine the input parameters, the optimization 
task could be subdivided in two steps: 
Step 1:  Minimization of the dynamic deformation was 
achieved by performing the static structural simulation at a 
fixed T (constant fs =25 kHz) such that the objective function is: 
F(s) = F1(s1,s2,s3,s4).  
Step 2:  In the second step, both modal and static 
simulations are performed as described in section V.A such that 
the multiple-criteria objective function in (1) is defined by n = 
4 and s = (s5,s6,s7,s8,s9).     
For each step, the optimization task was implemented using 
the ANSYS Response Surface Optimization Tool [17]. Instead 
of solving the FE model for each sample iteration during the 
optimization process, the computational time can be 
significantly reduced if the sample points are predetermined 
within the design domain using a Design of Experiments (DOE) 
method. A meta-model of the design is then constructed by 
fitting a response surface function to the DOE points.  The DOE 
method is intended to characterize the system response with the 
minimum number of simulation runs possible. The Central 
Composite Design with a Standard Face-Centered type was 
selected as the DOE method after ensuring an acceptable 
response surface goodness of fit. Consequently, 25 equally 
distributed sampling points are generated for four input 
parameters. 
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Fig. 5. (a) Torsion mode and (b) piston mode of the gimbal-frame 
resonant micro-mirror (blue to red: minimum to maximum modal 
displacement)  
 
Fig. 4. FE model of the gimbal-frame resonant micro-mirror (ANSYS) 
The response surfaces are then fitted to the DOE points 
using the Genetic Aggregation method: a number of response 
surface types are simultaneously solved in order to generate the 
best-suited response surface for each output parameter. The 
accuracy of each response surface fit generated was evaluated 
with the adjusted coefficient of multiple determination R2, 
found to be greater than 0.97 (best value is 1). 
Finally, the optimization task is performed using the Multi-
Objective Genetic Algorithm (MOGA), which may support the 
multiple objectives evaluated in Step 2 and is suitable for 
searching for global optima. A convergence stability percentage 
of 2%, based on the mean and standard deviation of the output 
parameter, is set as the convergence criterion. 100 sample 
points per iteration are generated from the meta-models and the 
number of iterations is limited to 20. Each optimization run 
generates three candidate design configuration points, which 
are then verified by solving the FE model.   
VI. RESULTS 
A.  Design optimization step 1: Dynamic deformation  
The DOE points used for the optimization task of 
minimizing the dynamic deformation were generated using the 
design variation ranges for input parameters 1 to 4 while the 
input parameters 5 to 9 were fixed using the nominal values 
defined in Table I. The optimal link dimensions and angle, ѱ, 
for different link quantities are listed in Table III. It can be seen 
that dynamic deformation is lowest with four links. The 
response surface for δpk with respect to wg,m and ѱ is plotted 
in Fig. 6. 
 
TABLE III. SUMMARY OF THE OPTIMAL DESIGN PARAMETERS s2, s3 AND s4 FOR 
DIFFERENT VALUES OF s1 (fs = 25 kHz; θMMSA = 12°) 
s1 - nl s2 - ѱ [°] s3 - wg,m [μm] s4 - lg,m  [μm] δpk [nm]
2 / 200 13 53.00
4 23.2 20 5 47.57
6 7.7 34 5 52.65
8 5.8 24 5 52.83
10 4.1 20 5 53.84
12 3.9 10 5 53.01
 
B. Design optimization step 2: Performance and reliability 
For the second optimization task the four partial objectives 
of Table I were considered while the design domain was 
defined from the variation ranges for input parameters 5 to 9, 
given in Table II. On the other hand, the optimal values 
deduced from Step 1 were used to set the input parameters 1 to 
4. The best design configuration, verified using the FE model 
was found to be: 
• s5 = 61.7 µm; s6 = 55.1 µm; s7 = 455.6 µm; s8 = 43.1 µm; 
s9 = 71.0 µm 
 
 
The predicted characteristics of the resonant micro-mirror with 
the optimal design configuration deduced from the optimization 
tasks discussed above are: 
• fs = 24806 Hz; │ fs-fp │ = 2877 Hz; δpk = 49.85 nm; 
τmax = 1234.6 MPa 
Therefore, it can be seen that the simulated τmax is less than the 
critical shear stress for the torsion springs. Moreover, Fig. 7 
depicts a surface plot of the dynamic deformation obtained by 
solving the FE model using the optimal design configuration. 
These results successfully demonstrate that, by incorporating an 
optimized gimbal structure design, the main goal of this study 
whereby δpk ≈ δcrit for a resonating micro-mirror designed for 
laser projection with XGA resolution is achieved. 
CONCLUSIONS 
 
Fig. 6. Response surface plot of δpk against ѱ and wg,m for n = 4 (fs = 
25 kHz; θMMSA = 12°) 
 
Fig. 7. Surface plot of the dynamic deformation, δ at the optimal design 
configuration from static structural FE analysis (fs = 24.8 kHz; θMMSA = 12°) 
Surface non-planarity in resonating micro-mirrors is a 
critical limitation in the development of high-resolution display 
projection using laser beam scanning. The minimization of 
dynamic deformation was in fact included as part of the 
objective function of a design optimization process of a one-
directional resonating micro-mirror intended for XGA 
resolution. It was found that an optimized design of a gimbal 
structure is effective in reducing dynamic deformation to δcrit 
without compromising on the targeted operating frequency, 
mode separation and maximum shear stress.  Future work will 
include the design optimization of the comb drive structure in 
order determine whether the target scan angle can be achieved 
by the allowable actuation voltage. This requires electrostatic 
and air damping FE analysis to develop a multi-physics meta-
model for optimization. 
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